Introduction
The sensitivity of immunostaining methods has been assumed by many investigators to be at least as high as the standard flow cytometric fluorescent detection methods. Heavy metal-enhancement methods using salts of base metals such as cobalt, copper, osmium, and nickel were described initially in 1981 (Hsu et al., 1982; Adams, 1981) , and a number of enhanced fluorochrome techniques have been described (Podkletnova and Alho, 1993; Seveus et al., 1992) , but most immunohistochemical studies have used standard nonenhanced diaminobenzidine (DAB) methods, despite the increased ability of the human eye to detect heavy metal-enhanced staining as a result of the increased contrast obtained with the dense reaction product formed by heavy metal complexes.
Flow cytomeuy is a well-standardized method of measurement down to 50 antibody molecules bound to their surfaces. Detection of 100-200 surface molecules was possible with heavy metal-enhanced immunoperoxidase methods, whereas standard immunoperoxidase methods were not as sensitive. The sensitivity of the nickel-enhanced immunoperoxidase staining method was confiied for detection of an epitope (Tac-IL2 receptor a-chain) present in low numbers on the surface of peripheral blood lymphocytes. ( J H i s t d e m Cgtochem of fluorescently labeled cells in suspension but not within intact tissue sections. Video image analysis (VIA) enables measurement on cells in tissue sections. The structure of image analysis system is reviewed in detail elsewhere (Skinner et al., 1993; Jarvis, 1988 Jarvis, ,1992 but generally comprises a video camera mounted at the head of a microscope, a microcomputer with digitizer card and relevant software, a video screen, and a pointer (mouse) or digitizer pad. The microscopic image of immunostained cells is digitized and captured on the video screen and a threshold set so that the reaction product is shown highlighted on the screen. The area in pixel units of the captured, thresholded, and edited image can be measured and the optical density can be measured over this stained area. Mean optical density (MOD) and integrated optical density (IOD) measurements are obtainable with the image analysis software. The sensitivity of the video camera used equals, or is better than, that of the human eye, so that under suitable contrast conditions no visible staining will be missed. The system can be applied to both chromogen-and fluorescence-stained cell antigens. However, some limitations from the relatively rapid fading of fluorophores during image acquisition make dye chromogens easier to use.
The development of flow cytometric methods for detection of low numbers of molecules on the surface of cells (Zola et al., 1989 (Zola et al., ,1990 led us to compare the sensitivity of immunoperoxidase methods with this high-sensitivity flow cytometry technique. The aim of the study was to examine cells with decreasing numbers of antibodies on their surfaces by both high-sensitivity flow cytometric and immunoperoxidase methods in parallel to determine the relative sensitivity of detection of the immunoperoxidase methods with or without nickel enhancement.
Materials and Methods
Cells. Peripheral blood lymphocytes (PBLs) were obtained from healthy volunteers and isolated by centrifugation over Ficoll-hypaque (Nycomed; Oslo, Norway). Tonsil cells were also extracted from non-acutely inflamed fresh tonsillectomy specimens by mechanical dissaggregation and the mononuclear layer separated as for PBLs.
Reagents. Monoclonal antibodies (MAb) FMC 51 (CD45, IgGl), antiTac (anti-IL2R. IgGI), and X63 (a myeloma-derived IgGl isotype-negative control) were used. FMC 51 (CD45, IgG1) antibody to the common epitope of leukocyte common antigens was used as the test antibody in decreasing dilution. In addition, because the IL2-receptor is a molecule known to be expressed in low copy number on PBL (Ben Arabia et al., 1989; Zola et al., 1989; LeMauff et al., 1987) , an antibody to interleukin-2 receptor a-chain (CD25) anti-& (Becton-Dickinson; Mountain View, CA) was used to compare the detection capability of the immunoperoxidase system with high-sensitivity flow cytomeuy. For flow cytomeuy, biotinylated horse anti-mouse antibody (Vector, Burlingame, CA; Cat. BA2000) and phycoerythrin-streptavidin (PE-SA) (Caltag, San Francisco, CA; Cat. SA-1000, or Becton-Dickinson, Cat. 9023) were used as detection reagents. For immunoperoxidase staining in tissue sections, avidin-biotin complex kit reagents (Vector) were the detection reagents, diaminobenzidine (DAB Sigma, St Louis, MO) the reaction substrate, and nickel chloride the heavy metal enhancing agent.
Immunofluorescence. The high-sensitivity procedure used in these studies employed a three-step method with MAb followed by biotinylated second antibody and PE-SA. Phycoerythrin was detected with the FACS Analyzer (Becton-Dickinson). High-sensitivity PE measurements were performed in the Analyzer using a 546/10-nm bandpass filter for excitation, a 560-nm interference filter acting as a dichroic mirror, and emission filters 570-nm longpass and 595/63-nm bandpass ( a l a et al., 1989) .
Purification and Labeling of MAb. FMC5l was purified from concentrated culture supernatants grown in dialysis tubing as described by Sjogren-Jansson and Jeanson (1985) . The advantage of the dialysis tubing method is that no irrelevant murine immunoglobulins are present in the dialysate compared with ascites fluid, so that the final labeled antibody approaches ideal purity. MAb was purified from culture fluid by HPLC (MAPS with protein A column; Bio-Rad, Richmond, CA) and radioiodinated by the chloramine T method. Purity was checked by running the radioiodinated antibody on an agarose electrophoretic gel, which after autoradiography showed a single band ( a l a et al., 1990). Confirmation of purity was obtained, since only heavy-and light-chrin bands were seen when iodinated MAb was denatured with reducing agent and run on polyacrylamide gels. The total protein concentration was determined by measuring the optical density at a wavelength of 280 nm and using an extinction c d icient value of 14 for a 1% solution in a 1-cm cell. In the absence of detectable impurity, this was assumed to be the MAb antibody concentration for the purpose of calculating molarity.
Quantitative Binding Studies. The detailed methodology for the quantitative binding studies using radioactively labeled FMC51 is described elsewhere (%la et al., 1990) . These data were used to construct Scatchard plots to determine the relative sensitivity in surface molecules per cell of the (highsensitivity) flow cytomeuic methods. The FMC51-radiolabeled cells were incubated for 2-2.5 hr, re-suspended, and an aliquot taken for counting the radioactivity of the cell pellet. The remaining cells were either (a) labeled with biotinylated horse anti-mouse second antibody and PE-SA for FACS analysis or (b) cytospun onto microscope slides for immunostaining at each antibody concentration. Fluorescence intensity was plotted against the numbers of molecules bound (using the radioactive counts determined rather than the predicted number of molecules bound per cell), and immunoperoxidase staining was measured by image analysis.
Immunohistochemical Studies. FMC51-coated cells from the same preparations used in the fluorescence determinations, but without the fluorescent second antibody added, were cytospun onto slides and stained. Cell morphology was well preserved, and the cells were dispersed so that measurement of individual cells was easily achieved. This produced a preparation of cells that were coated with primary FMC5l antibody (or X63 negative control antibody) in the series of dilutions as for the suspended cells. Biotinylated horse anti-mouse second antibody and ABC complex were bound to the primary antibody and reacted with DAB substrate (plus nickel) to produce a brown (or blue-black with NiClz enhancement) reaction product which was visible by transmitted light microscopy.
Aliquots (100 pl) of antibody-coated cells from each tube were centrihged onto acid cleaned glass slides at 500 rpm for 12 min using a Cytospin (Shandon; Runcorn, Cheshire, UK), air-dried briefly, then incubated for 30 min with biotinylated horse anti-mouse second antibody (ABC kit; Vector), washed in PBS, then incubated for 45 min with avidin complexed with biotin and peroxidase enzyme. The DAB reaction substrate Was added either with or without nickel chloride to examine the effect of heavy metal ion complexes on the overall sensitivity of detection. For nickel enhancement, 50 p1 of NiC12 solution (80 mg in 1 ml water) was added to 5 ml of 10 mg/ml DAB solution.
To test the immunoperoxidase methods further, a molecule known to be expressed in low copy number on the surface of freshly separated peripheral blood lymphocytes, the IL2 receptor, was examined using an anti-ILZR antibody to the a-chain (Bd anti-Tac).
To 100 pl of freshly separated PBL at 10' cells/ml was added one of the following: (a) 10 p1 of anti& antibody; (b) 10 p1 of X63 culture supernatant (control); or (E) 50 ~1 of PBS-azide (control). After incubation for 30 min at 4"C, the cells were washed in PBS-azide and centrifuged in a refrigerated centrifuge for 5 min at 1800 rpm. The supernatant was removed and the cells re-suspended in 100 p1 of PBS-azide. The contents of each Values are averages of 200 cells measured tube were divided into two aliquots for (a) high-sensitivity flow cytometric measurement, and for (b) cytospinning and immunoperoxidase staining. The cytospin was set at 400 rpm for 7 min and 350 pl of 50% fetal calf serum in medium added to the 50-pl aliquot in each tube. Aliquots (100 pl) were added to each "bucket" and the cells spun onto acid-cleaned glass slides, air-dried, then nickel-immunoperoxidase-stained as previously described. Cells from the original aliquot of unlabeled cells were used alone with no antibody but with FCS to ensure that staining was not due to the addition of FCS. The use of FCS and slower cytospin speeds and times was necessary to produce good-quality cytospins of freshly isolated PBL in this part of the study. The reaction products were examined using a video image analysis (VIA) device (MD-20, Flinders Imaging) uarvis, 1988). The captured microscopic image can be edited on the video screen and measurements performed using specifically designed software. Thresholds were chosen so that all reaction product visible to the naked eye (and video camera) was included in each measurement and the background excluded. The image analysis software enables calculation of the average optical density over a given immunostained area. A threshold was chosen to include all detectable reaction product visible to the human eye.
A range of filters of different color and intensity was assessed. The BGl2 filter was selected as producing the best-quality, highest-contrast image for VIA measurement of brown DAB staining and the green filter (546-nm) was best for nickel DAB staining. Threshold settings for brown DAB staining needed to be set at a higher level by 10 points on the 63-level gray scale (data not shown) than those for nickel-enhanced DAB staining to produce equivalent staining areas. Optical density measurements a . : each cell are integrated to provide an integrated optical density (IOD). Experiments were performed in parallel using either brown DAB-or NiC12-enhanced reaction products on cells from the same tubes. Both methods were compared with flow cytometry for their ability to detect small numbers of antibodies on the surface of cells.
Results

Comparison of the Sensitiuity of Immunoperoxidase Staining and High -sensitivity Flow Cy tometry
Using High-affiity FMC51 Antibody. The reaction product was easily visible down to the dilution comparable to the tube containing cells with 1000 molecules of FMC5l bound to their cell surface. This level of staining was also detectable by the image anal- ysis apparatus, such that measurements of the area of staining and the optical density of the reaction product (intensity of staining) were possible. The mean optical density can be calculated using the formula MODS = IoDS/area s where IOD, is the integrated optical density of the stained object S and the area is the area measurement of S in pixels. These measurements for brown DAB staining are shown in Eble l. The results from two similar experiments are shown. Repeating the experiment using cells prepared by identical methods but with nickel chloride enhancement of the end-stage of the DAB reaction produced staining detectable to lower levels than standard DAB methods. A green filter (546-nm) was used to provide image contrast enhancement for video camera detection of the nickel-DAB reaction product. These results are shown in Eble 2.
IOD differences between the two methods of DAB staining were not due solely to the difference in the color filters used, since alternating the filters reduced the image contrast of both brown DAB and nickel-enhanced DAB images. The filters were therefore enhancing each type of reaction product optimally and appropriately.
Using Anti-Tac (E2 Receptor a-Chain Antibody) to Detect Cell Membrane-bound Molecules Expressed in Low Copy Number. Nickel-enhanced immunoperoxidase methods were able to detect cells that had low numbers of anti& antibody bound to their surfaces, whereas standard DAB did not. Approximately 43% of unstimulated PBLs were positive for anti-Tac antibody by highsensitivity flow cytometric methods in these studies (Figure 1 measured with the image analysis system, and the mean of 100 measurements is shown in Table 3 . Standard non-enhanced DAB methods were unable to detect anti-Tac bound to the cell surface at this level.
All negative controls (X63) for Fh4C 51 and anti-%, experiments showed no staining and were visualized by faint counterstain only.
Discussion
The development of high-sensitivity flow cytometric techniques for detection of low copy numbers of molecules on the cell surface with labeled antibody provided a system for comparison with the immunoperoxidase staining methods. Video image analysis techniques allowed measurement of stain intensity, thus providing numerical data to permit comparison of samples within a series of dilutions (molecule numbers) and between different techniques of reaction product contrast enhancement.
After observations using the image analysis system in our Iaboratory, it was apparent that heavy metal enhancement of the DAB reaction product using nickel chloride was more easily detectable because it provided better contrast than standard brown DAB. Nickel enhancement with the same primary and secondary antibodies stained more cells than standard DAB methods. The other clear advantage of the heavy metal-enhanced reaction product is that it is readily measurable by the VIA system to give high-quality numerical data for comparative purposes. Standard brown DAB staining is measurable by the VIA system but, because the contrast of the reaction product with the background is not as great, special filters are required to enhance the video image. Even if this is done under ideal conditions, the contrast obtained is not as great as that seen with heavy metal enhancement of the reaction product at the outset. The result of this (Table 1) was that it was no longer possible to distinguish the DAB staining of cells coated with <2000 (Experiment 1) or <lo00 antibody molecules (Experiment 2) clearly from background, whereas there was no problem detecting lower antibody numbers with the nickel-enhanced staining.
The results shown demonstrate that the nickel chloride enhancement technique provides a reaction product with higher contrast, which allows detection of antibodies down to lower levels than in similar cells stained by the standard brown DAB (unenhanced) method.
High-sensitivity flow cytometry of unstimulated freshly isolated PBL using phycoerythrin-labeled anti-Tac antibody reveals that 1 5 4 5 % of total cells are Xc-positive (&la et al., 1989) . These positive cells have 250-500 molecules of the p55 chain of the ILZR on the cell surface (Ben Arabia et al., 1989; LeMauff et al., 1987) . Cells with a known number of molecules on each cell surface provided a useful test of the comparative sensitivities of nickel-enhanced immunoperoxidase staining and high-sensitivity flow cytometry.
The detection capabilities of nickel-enhanced DAB reaction product may be even greater than demonstrated in this study. Antibody-coated cytospun cells flatten against the slide, and this may leave only the part of the antibody-coated cell surface that is not in contact with glass available for binding of the secondary antibody and ABC-DAB complexes. Therefore, antibody numbers are almost certainly underestimated compared with the calculated numbers from radioligand binding studies. In radioactive estimations, all of the radioactively labeled primary antibodies bound to the cell surface are available to the radioactivity detection sensor. Effectively this means that the nickel-DAB system in cytospins is detecting about half the number of molecules determined by radioligand estimations.
Standard brown DAB staining was not able to detect anti-Tac staining in PBL at the levels detected by NiCIz-enhanced techniques. The nickel-enhanced immunoperoxidase system can detect -200 molecules on the cell surface. This sensitivity may actually be nearer the order of 100 molecules or less when it is considered that only around half of the antibody-coated cell surface is exposed for nickel-enhanced immunoperoxidase detection in these studies.
